Abstract Facioscapulohumeral muscular dystrophy (FS HD) is the third most common muscular dystrophy after the dystrophinopathies and myotonic dystrophy and is associated with a typical pattern of muscle weakness. Most patients with FSHD carry a large deletion in the polymorphic D4Z4 macrosatellite repeat array at 4q35 and present with 1-10 repeats whereas non-affected individuals possess 11-150 repeats. An almost identical repeat array is present at 10q26 and the high sequence identity between these two arrays can cause difficulties in molecular diagnosis. Each 3.3-kb D4Z4 unit contains a DUX4 (double homeobox 4) gene that, among others, is activated upon contraction of the 4q35 repeat array due to the induction of chromatin remodelling of the 4qter region. A number of 4q subtelomeric sequence variants are now recognised, although FSHD only occurs in association with three 'permissive' haplotypes, each of which is associated with a polyadenylation signal located immediately distal of the last D4Z4 unit. The resulting poly-A tail appears to stabilise DUX4 mRNAs transcribed from this most distal D4Z4 unit in FSHD muscle cells. Synthesis of both the DUX4 transcripts and protein in FSHD muscle cells induces significant cell toxicity. DUX4 is a transcription factor that may target several genes which results in a deregulation cascade which inhibits myogenesis, sensitises cells to oxidative stress and induces muscle atrophy, thus recapitulating many of the key molecular features of FSHD.
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Clinical presentation
Facioscapulohumeral muscular dystrophy (FSHD) is the third most common autosomal dominant muscular dystrophy after the dystrophinopathies and myotonic dystrophy, affecting approximately 1 in 20,000 individuals worldwide (Padberg 2004) . Clinical symptoms usually appear during the second decade and are characterised by progressive muscle weakness, initially of the facial, scapular and humeral muscles, which often show marked asymmetry, and later involving the abdominal muscles and the musculature of the lower limbs and feet (Upadhyaya and Cooper 2004; Padberg 2004) . A significant variability in clinical expression is often observed, even among affected family members. The initial facial muscle weakness often goes unreported, with problems only first noted following involvement of the scapular musculature, when patients experience difficulty in raising their arms. Indeed, disease progression is usually relatively slow, with affected individuals often experiencing quite long periods of remission interspersed by sudden and painful periods of muscular deterioration. Several other, non-muscle tissues are also frequently affected in FSHD, with high frequency hearing loss (*75% patients) and retinal telangiectasia (60% patients) reported (Padberg et al. 1995) . Central nervous system defects may also occur, with learning difficulties and epilepsy evident in some severely affected children (Saito et al. 2007 ). Other, less frequent clinical manifestations include respiratory insufficiency (Wohlgemuth et al. 2004) and cardiac conduction defects which may occur in severely affected individuals (Laforêt et al. 1998) . The degree of disease severity in FSHD is associated with several factors. For example, affected females are typically less symptomatic than males and older patients are usually more severely affected. The size of the disease-associated 4q35-D4Z4 repeat array is also reported to influence disease severity; with FSHD patients carrying a smaller number of repeats (1-3 units) often being much more severely affected (Tawil et al. 1996) . There are, however, significant difficulties in establishing any genotype-phenotype associations in FSHD, mainly due to the significant variability in the degree of muscle weakness observed in patients, even from the same family. Consequently, approximately 15-20% of patients eventually require wheelchair support, while others may remain essentially asymptomatic, exhibiting few, if any, clinical features. Despite the evident morbidity of this disorder, there is surprisingly little evidence for a reduced life expectancy.
Genetics of FSHD
FSHD was first reported to be linked to the distal end of the 4q arm, at the 4q35 region, in 1990 (Wijmenga et al. 1990 ; Upadhyaya et al. 1990) , where it was found to be associated with a polymorphic macrosatellite repeat array. The 3.3-kb repeat unit was named D4Z4, and variable copy numbers are repeated in tandem in a head-to-tail orientation at the 4q35 locus. A number of D4Z4-like sequences are found throughout the human genome, most of which are associated with acrocentric chromosomes, however, only the D4Z4 repeat array situated at 10q26 exhibits almost complete sequence identity (*99%) to the 4q35 array (Lyle et al. 1995; Winokur et al. 1996; Beckers et al. 2001; Deidda et al. 1995) . Each 3.3-kb repeat unit has a complex sequence structure, with several GC-rich repeat sequences and an open reading frame containing two homeobox sequences designated as DUX4 (double homeobox 4) (Hewitt et al. 1994; Gabriëls et al. 1999; Ding et al. 1998) (Fig. 1) . Both the 4q35 and 10q26 D4Z4 repeat arrays are highly polymorphic and exhibit extensive size variation in the normal population ranging from 38 [ 350 kb, corresponding to 11 C 150 3.3 kb repeats. A highlight for FSHD research was recognition that most affected individuals carried at least one much smaller (10-38 kb) 4q35-D4Z4 array containing only 1-10 repeats (Wijmenga et al. 1992) . Similar large contractions of the 10q26-D4Z4 array, found in some 10% of the normal population, are however not associated with FSHD (Wijmenga et al. 1992; Lemmers et al. 2001; Zhang et al. 2001) (Fig. 2) . The few sequence differences identified between the highly homologous 4q35-and 10q26-D4Z4 arrays can, however, be used to help define their chromosomal origin, with such sequence variations now routinely used as part of an FSHD molecular diagnostic test. Digestion with either EcoRI and BlnI, or, EcoRI and XapI (Fig. 1) , separation by pulse-field gel electrophoresis, and hybridization to the p13-E11 probe proximal to the array permits differentiation of the 4q35-derived D4Z4 repeats from the 10q26-derived D4Z4 repeats, with most affected FSHD patients exhibiting a 4q35-derived D4Z4 band of \38 kb (Lunt 1998 Fig. 1 The D4Z4 repeat array contains 11-100 units in normal individuals and is present on both chromosomes 4q35 and 10q26. The repeat array is highly homologous up to 45-kb proximal and differs only by a small number of polymorphisms, one of which creates sites for XapI (X) and BlnI (B) on chromosomes 4q and 10q respectively, with the latter, along with EcoR1 (E), allowing identification of contractions in 4q. Intra-chromosomal variations also exist giving several different haplotypes which are specified both by a proximal simple sequence length polymorphism (SSLP) and a distal region giving variants A, B and C. Each D4Z4 repeat unit contains a DUX4 ORF (yellow rectangles). Several other genes (FRG2, DUX4c, FRG1 and SLC25A4 (ANT1)) were, previously considered to be FSHD candidates, and are situated proximal of the D4Z4 array, from which they are separated by a nuclear matrix attachment site (FR/MAR) located within the SSLP individuals monosomic for this region, from 4q35-4qter, do not manifest the disorder (Tupler et al. 1996) (Fig. 2b) . The finding that at least one 4q35-D4Z4 repeat was required for FSHD expression indicated the possibility that D4Z4 associated gene(s), or other regulatory sequences located at 4q35, have a direct disease-causing effect. The sequence complexity of the entire 4q subtelomeric region, coupled with the almost identical sequences at 10q26, has greatly hampered FSHD research and diagnosis. Indeed, a comparative sequence analysis of D4Z4-like sequences from multiple organisms demonstrated that the 10q26 array had initially formed following duplication of an original 4q35 D4Z4 array which was subsequently transfered to 10q26, gaining just a few sequence variations in the process (van Geel et al. 2002) . This high sequence identity has also meant that inter-and intra-chromosomal D4Z4 repeat transfers still occur in approximately 10% of normal individuals and FSHD patients, with the resulting hybrid D4Z4 arrays composed of a mixture of both type 4 and type 10 repeats (van Deutekom et al. 1996; Matsumura et al. 2002; Lemmers et al. 2004) . Such hybrid arrays further confound molecular analysis, often making it difficult to differentiate standard arrays, containing either 4q or 10q repeats, from the non-standard (hybrid) arrays, composed of a mixture 4q and 10q repeats (Fig. 2) . This is particularly problematical as deleted hybrid D4Z4 alleles may also be associated with FSHD.
Diagnostic complexity is further increased with the identification of two additional 4qter variants, designated as 4qA and 4qB (Fig. 1) , which differ only by the presence of a 6.2-kb b-satellite sequence in the 4qA allele (van Geel et al. 2002) . These sequence variants are located immediately distal of the D4Z4 array and while they are equally frequent in the population, FSHD is exclusively associated with the 4qA variant (Lemmers et al. 2002; Thomas et al. 2007 ). A third rare sequence variant, 4qC, was recently identified but has not been linked with FSHD (Lemmers et al. 2010a) . Additional 4qter sequences have been identified which further subdivide this subtelomeric region into a number of variants, with FSHD found to be associated with only a few permissive haplotypes. A simple sequence length polymorphic site (SSLP) located proximal of the 4q35-D4Z4 array ( Fig. 1 ) identifies three haplotypes, 4A161, 4A159 and 4A168, which, in conjunction with large 4q35-D4Z4 deletions, are specifically associated with FSHD pathogenicity (Lemmers et al. 2010b; Spurlock et al. 2010) . Further sequence analysis of permissive and nonpermissive FSHD haplotypes has identified a variant C/T SNP associated with the pLAM sequence situated immediately distal of the 4q35 D4Z4 array that can create a consensus polyadenylation signal ATTAAA, but only in FSHD permissive haplotypes. All non-permissive haplotypes, however, either possess a non-functional sequence, ATCAAA, or the sequence is absent due to deletion of the pLAM region (Lemmers et al. 2010b) (Fig. 2) . This polyadenylation signal had been previously functionally mapped and found to be involved in the expression of stable DUX4 mRNAs in FSHD primary myoblasts (Dixit et al. 2007 ). The DUX4 transcript was found to initiate from a transcription start site located in the most distal D4Z4 unit case of FSHD linked to contraction on chromosome 10 was reported suggesting that contractions on non-permissive chromosome may be permissive for FSHD if the poly-A signal is translocated from a permissive chromosome. In this example only the distal end of the D4Z4 array, along with the pLAM region was transferred from a permissive 4q to a non-permissive 10q chromosome and precludes a key role for proximal 4q genes in the pathogenesis of FSHD (Lemmers et al. 2010b) Hum Genet (2012) 131:325-340 327 but unexpectedly terminated in the flanking pLAM region, which provided both an intronic sequence and a functional polyadenylation signal (Dixit et al. 2007) . Confirmation that this poly-A signal was required to stabilise the pathogenic DUX4 transcript came from cell transfection studies which introduced the T version of this C/T SNP into several non-permissive alleles and resulted in transcription of a stable DUX4 mRNA, while its removal from permissive alleles resulted in the failure of DUX4 detection (Lemmers et al. 2010b) . These studies give a clear indication that the complete DUX4 mRNA, and/or the encoded DUX4 protein, directly influences FSHD pathogenesis. Further such evidence came from an FSHD family study in which disease was associated with small 4/10 hybrid D4Z4 alleles (Lemmers et al. 2010b ). In one family, the disease-associated D4Z4 allele was found on chromosome 10q26 where a normally non pathological short repeat array had been extended by the translocation of a 4q35 fragment comprising a part of the distal D4Z4 unit with the adjacent pLAM region and its poly-A signal, thus allowing stable DUX4 mRNA expression (Fig. 2 ). As only a small part of the 4q subtelomeric region was transferred to generate this pathogenic 10q26 array, without direct association with most FSHD candidate genes (FRG1, SLC25A4 (ANT1) and DUX4c), these various genes are clearly not involved in the initiation of FSHD pathogenesis. A study in another FSHD family in which disease was associated with an unusually large deletion extending from the proximal end of the D4Z4 repeat array, deleting both the DUX4c and FRG2 genes, indicated that neither gene is causative of FSHD (Deak et al. 2007 ). These various findings reinforce the idea that FSHD expression is directly linked to the DUX4 gene with the distal 4q35-D4Z4 repeat unit being juxtaposed to a functional polyadenylation signal in the pLAM sequence, providing compelling evidence that DUX4 is indeed the FSHD gene. The question remains as to why only certain 4q haplotypes are associated with the T SNP that creates this functional poly-A signal? A possible explanation comes from an evolutionary study of the 4q35 region, which indicates that the present 4q and 10q sequences originated from an initial 4q-located haplotype (Lemmers et al. 2010a ). An evolutionary network analysis found that this ancestral D4Z4 region, now found only in chimps, diverged to give the 4A168 and 4A159 haplotypes, with 4A159 then evolving to form 4A161. Interestingly, as these represent the only three FSHD permissive haplotypes, ancestral chimps must have also carried a permissive haplotype, which, having diverged into the 4A168/159/161 haplotypes, subsequently underwent rearrangement deleting the pLAM region and/or its polyadenylation sequence (Lemmers et al. 2010a ). This confirms that the terminal 4q35-D4Z4 unit, the enclosed DUX4 gene, and the adjacent pLAM region with a functional poly-A site are essential for the development of FSHD by allowing expression of a stable DUX4 mRNA.
FSHD2 (referred in OMIM as FSHD type 1B)
An intriguing puzzle is the observation that some 5% of the patients exhibit the full clinical spectrum of FSHD without either a contracted 4q35 or 10q26 D4Z4 repeat array (Gilbert et al. 1993) . Whilst the apparently different biological mechanism that underlies this form of the disease named FSHD2 is not yet understood, it does share several similarities with FSHD1 (OMIM: FSHD type 1A). This type of disease also only occurs in individuals with at least one permissive 4q haplotype and who exhibit some of the 4q35 epigenetic changes involved in FSHD1 pathogenesis, although in FSHD2 hypomethylation of both the 4q35 and 10q26 D4Z4 repeat arrays occurs (de Greef et al. 2007 ). Furthermore, DUX4 transcripts that utilise the pLAMassociated poly-A signal have also been identified in FSHD2 muscle cells (Lemmers et al. 2010b ).
Epigenetic mechanisms involved in FSHD
The direct association between the 4q35-D4Z4 array and FSHD, led to the search for potential causative genes across the 4qter region and the subsequent identification of at least three possible genes, including the two FSHD region genes, FRG1 and FRG2, and the more centromeric SLC25A4 (ANT1) gene. Initial studies using small sample numbers indicated that these three genes were up-regulated in FSHD muscle in a distance-dependant manner, with FRG2, the gene most proximal to D4Z4, exhibiting the largest increase in expression (Gabellini et al. 2002) . It was suggested that normal large-sized 4q35-D4Z4 arrays, with at least 11 repeats, are usually completely heterochromatic resulting in the repression of any associated genes in normal individuals. Meanwhile D4Z4 arrays that contract below the 11-repeat threshold would exhibit a more 'open' euchromatic-like state, resulting in the derepression of any associated genes (Hewitt et al. 1994; Winokur et al. 1994 ). This is supported by the presence of an FSHD-related nuclear matrix attachment site (FR-MAR), which was also mapped in 4q35 and creates two chromatin loops, one containing the D4Z4 array and a second, more proximal loop, encompassing the FRG1, FRG2 and DUX4c genes (Petrov et al. 2006) . A potent transcriptional enhancer was also recognised at the 5 0 -end of the D4Z4 array that is effectively blocked by the FR-MAR in both normal human myoblasts and other non-muscle cells. The FR-MAR was found to be weakened in FSHD muscle cells, thus allowing the D4Z4 array and the 4q35 genes to be contained within a single chromatin loop. This may then permit the D4Z4-associated enhancer to up-regulate transcription of several genes in the vicinity (Petrov et al. 2008) .
Much controversy is found in the literature about which genes (or gene) are the causative agents in FSHD. While recent studies indicate a direct link between FSHD and the distal DUX4 ORF (Dixit et al. 2007; Lemmers et al. 2010b) , many other studies have reported FSHD-associated changes in expression of various 4q35-located genes. Consistent with a putative role in FSHD, several functional studies of the FRG1 protein have shown it to have a role in both angiogenesis and muscle development by utilising quite different biochemical functions, i.e. alternative RNA splicing and actin bundling (Gabellini et al. 2006; van Koningsbruggen et al. 2007; Hanel et al. 2009; Wuebbles et al. 2009; Liu et al. 2010; Sun et al. 2011 ). Furthermore, a recent analysis of myoblasts isolated from affected muscle of a transgenic mouse overexpressing FRG1 reported a significant loss of cell proliferation and an increased doubling time not observed in unaffected muscle . However, no disturbed proliferation rate was reported for FSHD versus control myoblasts (Barro et al. 2010 ) and while initial reports suggested FRG1 expression levels were elevated in patient muscle cells (Gabellini et al. 2002) , later studies have found no alteration in FRG1 expression (Klooster et al. 2009; Arashiro et al. 2009; Masny et al. 2010 ). There have also been suggestions that the DUX4c gene (Fig. 1) , located within the inverted partial D4Z4 unit (D4S2463) 42-kb proximal of the D4Z4 repeat array, which is up-regulated in FSHD muscle cells and probably involved in myoblast proliferation, could contribute to FSHD pathogenesis (Ansseau et al. 2009; Bosnakovski et al. 2008a ). However, as mentioned above two unusual FSHD genetic profiles have ruled out a causative role for DUX4c in the disease. These are a 75-kb deletion that removed the FRG2 and DUX4c genes on the 4q35 pathogenic allele (Deak et al. 2007) , and the 4q35/10q26 translocation in which the 10q26 pathogenic allele carries none of the genes proximal to the 4q35 D4Z4 array (Lemmers et al. 2010b) . Again these studies are pointing towards the D4Z4-associated DUX4 gene being 'the FSHD gene'.
Each repeat unit in the 4q35 and 10q26 D4Z4 arrays contains GC-rich hhspm3 and LSau repetitive sequences that are predominantly associated with heterochromatin (Hewitt et al. 1994) . Such sequences are usually heavily methylated and indeed, all normal sized D4Z4 repeat arrays are hypermethylated, while contracted D4Z4 arrays exhibit variable levels of hypomethylation. Furthermore, DNA hypermethylation is associated with the recruitment of various methylated DNA binding proteins, as well as histone-modifying deacetylases and methyltransferases, all of which are involved in chromatin condensation (Ballestar and Wolffe 2001) . Thus, hypomethylation of the contracted 4q D4Z4 alleles in FSHD1, and the hypomethylation of both the 4q35 and 10q26 non-contracted D4Z4 alleles in FSHD2, indicates the significance of these epigenetic changes which induce a more euchromatic-like D4Z4 array that is directly associated with FSHD expression (de Greef et al. 2007) . Although it remains a puzzle as to why the widespread D4Z4 hypomethylation coupled with the absence of large 4q D4Z4 deletions, results in FSHD2. However, the recent finding of stable DUX4 mRNA expression in FSHD2 patient muscle cells involving the use of the pLAM polyadenylation signal distal of the 4q35 array, does seem to fit with the general pathogenic mechanism proposed for FSHD1 (Lemmers et al. 2010b) . This is further supported by the similar clinical presentation of both disorders . The variable level of D4Z4-associated hypomethylation observed in FSHD has been found to correlate to repeat size, with 4q D4Z4 arrays containing only 1-3 repeats generally showing pronounced hypomethylation, while 4q D4Z4 arrays with 4-10 repeats exhibit a far greater variation in the level of methylation (van Overveld et al. 2005; Lunt et al. 1995) . Hypomethylation of contracted D4Z4 arrays has also been observed in rare asymptomatic individuals carrying permissive haplotypes, perhaps an indication that while D4Z4 hypomethylation is necessary for FSHD, it is not fully responsible for disease onset . However, a limitation of most such DNA methylation studies is that only the proximal or internal D4Z4 repeats were assessed for hypomethylation and hence, it cannot be excluded that the most distal D4Z4 repeat was differently methylated. Indeed, methylation levels of internal D4Z4 repeats are reported to be 20-25% higher than proximal repeats ).
Histone modifications of the D4Z4 arrays have also been assessed for features associated with heterochromatin. These modifications can affect transcription and chromatin structure in various ways, such as by the inhibition of transcription factor binding and alteration of interactions between modified histones and DNA that often result in chromatin structural changes (Peterson and Laniel 2004) . Specific histone modifications, such as dimethylation at lysine 4 on histone 3 (H3K4me2), are usually associated with transcriptional activation, while trimethylation at lysine 9 (H3K9me3) and 27 (H3K27me3) are normally associated with transcriptional repression, due to the induction of a more heterochromatic state (Lachner et al. 2003) . D4Z4 arrays were initially reported to present with an unexpressed euchromatin conformation (Jiang et al. 2003; Yang et al. 2004 ), although both heterochromatic regions, with H3K9 and H3K27 trimethylation, and euchromatic regions, with H3K4 dimethylation, were Hum Genet (2012) 131:325-340 329 subsequently recognised (Zeng et al. 2009 ). Further study, however found significantly decreased levels of H3K9me3 on D4Z4 arrays in both FSHD1 and FSHD2, whilst the levels of H3K27me3 and H3K4me2 were unaltered, indicating a more euchromatic-like state across the D4Z4 region in FSHD (Zeng et al. 2009 ). However, it should be noted that loss of H3K9me3 affects not only the 4q contracted allele but also the non-contracted 4q alleles and both 10q D4Z4 alleles, whereas DNA hypomethylation is specific to the contracted 4q D4Z4 allele, an indication perhaps that DNA methylation changes may have a greater influence on disease onset and progression Zeng et al. 2009 ). However, more severe DNA hypomethylation is seen at D4Z4 in another disorder, immunodeficiency, centromere instability and facial anomalies (ICF) syndrome Kondo et al. 2000) , which shows no similarity in clinical presentation to FSHD (de Greef et al. 2007 ). Meanwhile, H3K9me3 has been found to be preserved at normal levels at D4Z4 in ICF cells (Zeng et al. 2009 ). As such, it is unclear what relevance DNA hypomethylation and histone methylation at D4Z4 has in FSHD due to their non-specificity to the disease, as D4Z4 hypomethylation is found in both FSHD and ICF, and to the disease chromosome, with a decrease in H3K9me3 identified on both chromosomes 4q and 10q in FSHD, respectively.
A binding of regulatory proteins within D4Z4 has been suggested as a possible contributing factor in FSHD pathogenesis. A multi-protein repressor complex that binds to a site in the D4Z4 repeat has been identified which consists of YY1, a transcriptional activator or repressor according to the promoter context, HMGB2, an architectural protein, and nucleolin. Their depletion resulted in the transcriptional up-regulation of FRG2 (Gabellini et al. 2002) . Contracted 4q D4Z4 arrays were postulated to have far fewer binding sites for this repressive complex which might explain both the 'disease threshold effect' attributed to D4Z4 arrays with \11 repeats, and the observed transcriptional up-regulation of several 4q35 genes (Gabellini et al. 2002) .
Other experiments suggest that the D4Z4 array possesses an insulator element that has both enhancer-blocking and barrier activities and which may be involved in displacing the 4q telomere towards the nuclear periphery (Ottaviani et al. 2009 ). This positioning activity lies within a short sequence that interacts with the CCCTC-binding factor (CTCF), a protein involved in long-range chromosomal interactions, and with A-type lamins which are integral proteins of the nuclear lamina. CTCF binding is lost in healthy individuals due to D4Z4 multimerization in myoblasts, which is in keeping with its known lack of affinity for methylated DNA present in normal sized D4Z4 arrays (Ottaviani et al. 2010) . Conversely, in reporter gene constructs containing just a single D4Z4 unit, CTCF is able to bind to D4Z4 and activate an insulator function which may protect genes in the FSHD region from repressive structures (Ottaviani et al. 2009 ). Whether such CTCF binding also occurs on the long hypomethylated D4Z4 arrays in FSHD2 myoblasts is, however, unknown.
The overall role of such epigenetic mechanisms in FSHD is still unclear, as is whether D4Z4 methylation changes and histone modifications represent specific causative disease factors, or are simply a secondary response to the disease. Although, the likelihood is that such epigenetic changes are indeed disease-related and somehow influence the functionality of the 4qter region, most probably by up-regulation of its associated genes (Figs. 1, 3 ). The precise chromatin structure and DNA methylation of the most distal D4Z4 unit, however, is yet to be determined. In fact, it has been shown that during muscle development and adult myogenesis different epigenetic components can co-operate to establish short open chromatin domains with active gene transcription, which is surrounded by large regions of restrictive chromatin which prevent gene expression (Saccone and Puri 2010) .
DUX4: the gene, transcripts and protein
Initial sequence analysis of the D4Z4 repeats defined a large open reading frame (ORF) coding for a double homeodomain-containing protein but which lacked a promoter (Hewitt et al. 1994) . A functional promoter was subsequently recognised within this large ORF which defined a potential shorter double homeobox DUX4 gene (Ding et al. 1998; Gabriëls et al. 1999) . The homeodomain which allows DNA binding is typically found in transcription factors involved in embryonic development (Gehring 1993) and such a candidate gene for FSHD might have explained the large number of genes already found deregulated in patient muscles at the time (Tupler et al. 1999) . However, the lack of any introns or discernible polyadenylation site within the D4Z4 repeat, coupled with the complete failure to detect any specific DUX4 transcripts, suggested that it was likely to be a non-functional retro-transposed pseudogene (Hewitt et al. 1994; Lyle et al. 1995; Winokur et al. 2003a; Osborne et al. 2007; Bickmore and van der Maarel 2003; Yip and Picketts 2003; Alexiadis et al. 2007 ).
Specific DUX4 mRNA detection was a major technical challenge because of its very low abundance, high GC content and similarity to transcripts of hundreds homologous DUX genes dispersed in the human genome (Beckers et al. 2001) . When it could finally be detected by RT-PCR in FSHD myoblasts, the DUX4 mRNA was found to derive from the distal D4Z4 unit and extend to the flanking pLAM sequence which provided both an intron and a polyadenylation signal (Kowaljow et al. 2007 , Dixit et al. 2007 ). In the latter publication, a table was provided as supporting information with the detailed optimized RT-PCR conditions compared to the ones that had previously failed, thus helping other researchers to confirm that the DUX4 gene was effectively transcribed (Snider et al. 2009; Lemmers et al. 2010b) . One additional difficulty in detecting DUX4 expression became clear as an elegant serial dilution experiment indicated that only 1/1,000 FSHD myoblasts express DUX4 in cell culture (Snider et al. 2010) .
DUX4 mRNA appears to be induced upon myoblast differentiation since it was detected in all FSHD myotube cultures tested, but only in some proliferating myoblast cultures (Kowaljow et al. 2007; Dixit et al. 2007; Snider et al. 2009; 2010) . However, the DUX4 mRNA could not always be detected in FSHD muscle biopsies (Snider et al. 2010) , again suggesting a very low expression level. An explanation could be that DUX4 is preferentially expressed upon regeneration, in activated satellite cells and their progeny which correspond to the myoblast culture model, but only represent a very low fraction of a total muscle extract. It might, thus, be much more difficult to detect DUX4 in adult FSHD muscle biopsy than in foetal or strongly regenerating (pathological) muscles. The trigger leading to DUX4 expression in some of the activated satellite cells and their progeny most probably relates to the disruption of nucleosomes that takes place during DNA replication and might define a chromatin structure that allows DUX4 transcription in some FSHD cells. Fig. 3 Epigenetic modifications of D4Z4 arrays have a major influence on chromatin status and the 4q35 transcriptional profile. a Normal DNA methylation (red circles) and H3K9 trimethylation (green triangles) lead to a 'closed' chromatin configuration previously thought to result in transcriptional inhibition. A contraction of the D4Z4 array results in both decreased DNA methylation and reduced H3K9 trimethylation which induce a more 'open' chromatin structure and transcription of DUX4. Non-permissive haplotypes lack any functional polyadenylation signal resulting in the degradation of any DUX4 mRNA (b), whereas an efficiently polyadenylated transcript, derived from a permissive chromosomal haplotype, produces a protein with 2 homeodomains (HD1/2), and a long C-terminal domain, that perturbs normal muscle biology, along with the transcript (c). d A more recent model suggests that normal sized D4Z4 arrays contain domains exhibiting both hetero-and euchromatic-like features that produce a shorter transcript (DUX4-s) by utilising a cryptic splice site. While contracted D4Z4 arrays are hypomethylated and exhibit a more 'open' chromatin configuration which permits transcription of a full length mRNA (DUX4-fl) Hum Genet (2012) 131:325-340 331
(a) (b) (d) (c)
A further level of complexity was suggested by a report that the D4Z4 repeat array exhibits bi-directional transcription which creates sense and anti-sense DUX4 transcripts, as well as several other smaller RNAs (Snider et al. 2009 ). It was suggested that such transcripts might be involved in recruiting other factors, such as the Heterochromatin Protein 1 (HP1), which might help preserve the heterochromatic nature of the D4Z4 repeat array (Snider et al. 2009 ). Interestingly, bi-directional transcription was also observed for the mouse DUX paralogue repeat array (Clapp et al. 2007 ). Besides these different splice forms of the DUX4 transcript, a shorter DUX4 RNA form was reported which utilises a cryptic splice site in the first exon and the poly-A site in pLAM. This might lead to the synthesis of a putative truncated DUX4 protein lacking the C-terminal region similar to DUX4c (Fig. 3) (Snider et al. 2010) . The transcript encompassing the complete DUX4 ORF was named DUX4-fl and the shorter one DUX4-s. Several groups could detect long DUX4 RNAs but only a single report mentioned the short one which is yet to be confirmed (Ansseau et al. 2009 ).
The DUX4-fl transcripts are able to produce a DUX4 protein of about 55 kDa. This was confirmed by immunodetection on a western blot from human testis extracts (Snider et al. 2010) . However, detection of the DUX4 protein in FSHD muscle cells again proved controversial. Following the development of a specific monoclonal antibody and optimized immunodetection on western blot, Dixit et al. (2007, supporting information) identified the protein in FSHD but not control myoblast extracts. With new antibodies a nuclear DUX4 protein was stained by immunofluorescence in an estimated 1/1,000 myoblasts (Snider et al. 2010) , thus in agreement with the RNA data. Additional issues currently include DUX4 turn over and toxicity. DUX4 appears to be unstable as treatment of myoblast cultures with a proteasome inhibitor (MG-132) strongly improved its detection (Dixit et al. 2007 ; A Tassin, Unpublished data). Moreover, DUX4 mediated cell death appears more frequent in myoblasts than in myotubes, thus restricting DUX4 detection to few surviving myoblasts while more DUX4 positive nuclei can be found after differentiation to myotubes (Bosnakovski et al. 2008b) . No specific antibody allowing immunohistochemical detection of DUX4 in muscle sections has been published and so investigating whether DUX4 expression is restricted to satellite cells or regenerating fibres is not yet possible.
Much current FSHD research is focused on elucidation of the biological functions of the DUX4 transcripts, its encoded protein, and their myopathic potential. Initial transfection studies have identified DUX4 as a critical transcription factor which probably targets multiple genes. For example, it was shown to up-regulate the PITX1 (paired-like homeodomain transcription factor 1) gene by binding to a specific site in its promoter (Dixit et al. 2007 ). However, PITX1 is itself a transcription factor that controls hind limb development, and is also associated with regulating right/left symmetry, which is often affected in FSHD. Additionally, over-expression of DUX4 results in significant cell toxicity in cultures with DUX4 protein localizing to the nucleus where it is involved in emerin relocalization and caspase 3 and/or 7 induction, resulting in increased cell death (Kowaljow et al. 2007) . Indeed, of all the proposed FSHD candidate genes, only DUX4 displays overt cell toxicity and induces an FSHD-like pathology in C2C12 myoblasts, increased apoptosis and a reduction in MyoD expression levels and its target genes, resulting in muscle differentiation defects (Bosnakovski et al. 2008b ). Interestingly, this DUX4 myopathogenecity could be relieved by increasing PAX3 and PAX7 expression, two homologous genes which encode similar paired class homeoproteins with major transcriptional roles in myogenesis and muscle regeneration (Buckingham et al. 2003; Bosnakovski et al. 2008b) . It is possible that DUX4 is a potential competitor of PAX3 and PAX7 and its toxicity involves interference with PAX3/7-regulated genes, such as the viability-associated genes and the myogenic regulatory factors, MyoD and MYF5, thereby preventing normal cell signalling. Many genes were also found to be deregulated 4 h after induction of DUX4 expression in C2C12 cells, suggesting there may be multiple direct DUX4 target genes (Bosnakovski et al. 2008b) . It is possible that some of these deregulated genes encode other transcription factors such as PITX1, thus affecting their target genes in turn, leading to a large deregulation cascade (Dixit et al. 2007) .
While no full DUX4 transgenic mouse has yet been published, animal models with local injection of a DUX4 expression vector have proved useful in defining its myotoxicity, with DUX4 over-expression in both zebrafish and mice inducing abnormal muscle histology and degeneration (Snider et al. 2009; Wuebbles et al. 2010; Wallace et al. 2010 ). This DUX4 mediated myotoxicity can, however, be suppressed either by the introduction of mutations within the homeodomain regions, or when the DUX4 protein is over-expressed in the muscle of Tp53 knock-out mice (Wallace et al. 2010 ). This latter experiment further defined a role for p53 in DUX4 toxicity, confirming earlier studies in which p53 pathway activation was noted in FSHD muscle cells (Winokur et al. 2003b; Laoudj-Chenivesse et al. 2005; Sandri et al. 2001) . It is possible that the Tp53 gene may be activated in the DUX4-induced cascade as it is a direct target of PITX1 in cancer cells (Liu and Lobie 2007) which was recently confirmed in human primary myoblasts (C Vanderplanck, Unpublished data). Besides its role in cell cycle and apoptosis control, p53 is also emerging as a critical regulator of both metabolic homeostasis and muscle atrophy (Maddocks and Vousden 2011; Schwarzkopf et al. 2008; Dirks-Naylor and LennonEdwards 2011) . This evidence, therefore, defines DUX4 as an important transcription factor with a central role in signalling pathways and which controls myogenesis, induces apoptosis, and probably regulates many other cellular processes (Belayew 2010) .
Furthermore, transfection studies have shown that expression of the full size DUX4 protein, but not the DUX4c protein, which has a shorter C-terminal region, in a manner similar to DUX4-s, resulted in nuclear foci formation and increased cell death, demonstrating that toxicity is associated with the presence of the full C-terminal region of the protein, therefore highlighting the importance of the splicing event (Snider et al. 2009; Ansseau et al. 2009; Bosnakovski et al. 2008a ). However, DUX4 toxicity appeared much milder when its expression was induced in C2C12 cells after their switch to differentiation medium or in myotubes (Bosnakovski et al. 2008a) .
It is unclear at what stage (proliferation, confluence, differentiation) the endogenous DUX4 gene is expressed in FSHD muscle cells and at what level. The published RNA and protein data suggest that DUX4 is mostly expressed in FSHD myotubes but clearly larger scale studies are required. Detection of a short DUX4 RNA form in control tissues suggests that the DUX4 gene might be expressed normally in muscle (Snider et al. 2010) . Since the DUX4 promoter has different consensus binding sites (E-box, YY1, Sp1 and SRF) that are characteristic of muscle genes induced during terminal differentiation such as the dystrophin gene, a search for DUX4 expression at the RNA and/or protein level should be performed in a large set of controls as well as FSHD muscle samples. Moreover, the study could be extended to include myotubes formed after a long differentiation period in culture, a condition that was never investigated and which could favour DUX4 expression.
It should be noted that all published studies on DUX4-fl function are based on cell culture transfections with potent expression vectors and nothing is yet known about the role of the endogenous protein. The only data about the function of an expressed endogenous part of DUX4 comes from a study of sarcomas resulting from a chromosome translocation that fused the end of the DUX4 gene to part the CIC gene encoding the DNA binding domain of a transcription factor. The resulting CIC-DUX4 fusion protein could induce about 300-fold the transcription level of CICtarget genes (Kawamura- Saito et al. 2006) . This very potent transcriptional activity associated with the DUX4 carboxyl-terminal domain suggests that even low expression of an unstable DUX4 protein might still be sufficient to activate target genes. Indeed, the significance of the DUX4 carboxyl-terminal region was further demonstrated by finding that a putative protein which initiated at an internal translation start site of the DUX4 transcript, and corresponded to just the DUX4 carboxyl-terminal region, was by itself sufficient to suppress myogenesis, by inhibiting MyoD transcription and activating several of its target genes, including myogenin and myosin light chain (Snider et al. 2009 ). Although, inhibition of myogenesis seems to involve both the N-and C-terminal domains of DUX4 and so may be attributed to either the DUX4-fl or the DUX4-s transcripts (Snider et al. 2009 ).
The normal DUX4 gene demonstrates complex transcription in certain tissues, notably the human testis. Intriguingly, the heterochromatin associated hhspm3 repeat, which is found in the part of D4Z4 units corresponding to the DUX4 promoter (Hewitt et al. 1994 , Gabriëls et al. 1999 , had been found to be hypomethylated in testis nearly three decades ago (Zhang et al. 1985) suggesting DUX4 could be expressed in that tissue. In germ line cells DUX4 is transcribed from both 4qA and 4qB arrays, as well as from the 10q D4Z4 arrays, although the 10q DUX4 transcript extends over 4 additional non-coding exons and utilises a polyadenylation site that is situated some 6.5-kb distal of the pLAM region (Snider et al. 2010) . Similar DUX4 transcripts are expressed in induced pleuripotent stem (iPS) cells from normal individuals, again demonstrating a likely role for DUX4 in human development. Furthermore, while polyadenylated DUX4 mRNAs are transcribed from both 4q and 10q arrays in germ line cells, following their differentiation into somatic tissue only DUX4 transcripts derived from the 4qA-associated D4Z4 array are able to utilise the poly-A signal in the pLAM region. However, why only germ cells are able to express DUX4 from 4qB and 10q arrays is uncertain, although these germ cells may exhibit epigenetic alterations, such as hypomethylated hhspm3 sequences (Zhang et al. 1985) which may permit production of the full length transcript. This then raises a question relating to the likely pathogenesis of FSHD2, in which somatic DUX4 transcription may be comparable to germ line cells due to the absence of 4q D4Z4 contraction. Might this indicate an abnormal developmental status for the 4q35 region in FSHD2, resulting in a decrease in the normal epigenetic changes during differentiation, the maintenance of an open chromatin conformation and a lack of transcriptional silencing? This could then lead to stable DUX4 mRNA expression through the polyadenylation signal on 4qA permissive haplotypes (Lemmers et al. 2010b) . What still has to be determined, however, is whether DUX4 transcription also occurs on both 4qB and 10q arrays in FSHD2, and also whether the DNA methylation patterns and histone modifications differ at 4q35 during the differentiation of FSHD2 cells, as compared to FSHD1 and normal cells.
We are currently unaware just which splice forms are transcribed in different cell types, although the majority of cells with a contracted 4q D4Z4 array appear to produce DUX4-fl, while cells with non-contracted arrays only synthesise DUX4-s transcripts. Alterations in DUX4 splice form also occur during embryonic development, with high DUX4-fl levels found in developing human testis, but only DUX4-s found in a subset of differentiated tissues. Such changes in DUX4 splice form between germ line to somatic cells indicates a probable developmental control, which was assessed using iPS cells developed from normal and FSHD fibroblasts (Snider et al. 2010) . It was found that both FSHD and control iPS cells produced the normal DUX4-fl transcript prior to differentiation, possibly indicating a more open chromatin structure (Fig. 3) . However, following differentiation into embryoid bodies, normal cells switched exclusively to DUX4-s expression while FSHD cells continued to transcribe DUX4-fl, therefore indicating that the full length transcript, and/or the DUX4 protein, is a key factor in FSHD pathology. Additional evidence for a specific biological role for DUX4 transcripts came from a study that found inhibition of myogenesis by DUX4 was retained even following the introduction of stop codons into the DUX4 ORF which eliminated DUX4 protein production (Snider et al. 2009 ). If confirmed, this unexpected role of the DUX4 transcript in addition to all the published data about the DUX4 protein suggests that DUX4 involvement in FSHD occurs at both the RNA and protein levels.
Treatment
With our current lack of understanding of the pathological mechanisms involved in FSHD, it is perhaps not surprising that few, if any, rational disease-specific therapies have yet been developed. Indeed, to date, most FSHD treatments involve attempts to physically improve functional impairment, with surgery used to alleviate both scapular fixation and 'foot drop' in patients (Tawil 2008 ). An increasing knowledge of at least some aspects of the pathology involved is, however, leading to more directed FSHD therapies. In contrast to Duchenne muscular dystrophy which results from a loss of function mutation, the change in chromatin structure at the FSHD locus causes a gain of function, and a logical therapeutic approach is thus to employ antisense strategies against specifically activated target genes. In the absence of a DUX4 over-expression mouse model researchers have recently assessed RNA interference against the FRG1 mRNA ( Wallace et al. 2011; Bortolanza et al. 2011) . These studies examined the potential benefits of using FRG1-specific miRNAs and shRNAs in the myopathy mouse model that over expresses the FRG1 protein. This 'proof-of-principle' methodology to specifically 'knockdown' the FRG1 mRNA was reported to significantly improve muscle histology, with increased muscle mass, reduced fat deposition and fibrosis, a decline in myofibre degeneration, and an overall improvement of muscle function and strength. Similarly, the potential benefits of using siRNA and antisense oligomers to 'knockdown' DUX4 mRNA have also been explored with the reported decrease in DUX4 expression found to normalise several FSHD deregulated genes, (C Vanderplanck, Unpublished data).
A major issue in strategies targeting the DUX4 gene is the reported very low abundance of DUX4 expressing cells in culture (1/1,000 myoblasts) (Snider et al. 2010) . This number has not been investigated in muscle tissues where it might be larger since DUX4 expression appears to increase with differentiation (Dixit et al. 2007; Snider et al. 2009 ). However, such a low number of DUX4 positive cells could still be pathogenic during muscle regeneration in vivo. Indeed, the chromatin remodelling processes occurring in the heterogeneous population of muscle progenitors/satellite cells (Saccone and Puri 2010) could favour DUX4 gene expression in several cell types. With DUX4 being a potent transcription factor it could induce a deregulation cascade that may propagate by the proliferation/expansion of these cells, and by their fusion to existing myofibers. The DUX4 protein expressed from a single recently fused nucleus could spread in the fibre cytoplasm and reach neighbouring nuclei where it could also deregulate gene expression. This process may explain the slow disease progression and large phenotype variability. Thus, targeting DUX4 even in 0.1% of muscle cells would be essential in blocking the spreading of the deregulation cascade from cells newly produced by the regeneration to myofibers.
Conclusion
The genetic and biological events that result in FSHD pathogenesis are complex and while not yet fully understood, recent studies have significantly increased our knowledge of this enigmatic and multifaceted disorder (Fig. 4) . While large deletions of the 4q35-D4Z4 repeat array were recognised to be disease-associated in most FSHD patients more than 2 decades ago, a complete understanding of the molecular mechanisms leading to the deregulation of multiple genes in this disease is only beginning to be unravelled.
Part of the difficulty is caused by the publication of divergent data by different laboratories most probably caused by low sample numbers and the heterogeneity of individuals and sample/model systems. Individual genetic polymorphisms could occur not only in the 4q35 region where they might affect DUX4 expression but also in any of the many genes shown to be deregulated in FSHD muscles. SNPs have been well studied in 4q35 but large polymorphisms have only started to be investigated by a combination of fluorescent in situ hybridization and DNA combing demonstrating unexpected rearrangements in this subtelomeric region (Nguyen et al. 2011) . Another source of heterogeneity is the biopsy: i.e. is the selected muscle always, often or never affected in the pathology, where is the biopsy site (e.g. as compared to tendon location), what were the physiological conditions of the patient when this muscle sample was taken (e.g. diet, fasting status, physical activity, cigarette smoking) since this tissue presents a high plasticity (e.g. changing fibre type according to exercise, or exhibiting a small level of atrophy after a night fasting)? For studies performed with myoblast cultures, if the cells are indeed mostly derived from muscle stem cells, i.e. satellite cells, other cell populations inside the muscle Fig. 4 The pathogenic mechanisms involved in FSHD are complex. D4Z4 contractions on both permissive and non-permissive alleles result in DNA hypomethylation and loss of H3K9me3, suggesting the formation of a more 'open' chromatin structure. While transcription of DUX4 can now occur, the absence of a recognisable polyadenylation site on non-permissive backgrounds results in transcript degradation. Permissive alleles are associated with a functional poly-A signal and permit transcription of stableDUX4-s and DUX4-fl mRNAs, with DUX4-fl protein synthesis resulting in pathogenic biological events. In the absence of any contraction, D4Z4 has a closed chromatin configuration resulting in production of DUX4-s which is degraded if produced on a non-permissive background. In FSHD2 patients, hypomethylation and reduced levels of H3K9me3 are present on non-contracted chromosomes, and results in FSHD suggesting they favour the expression of the DUX4-fl transcript Hum Genet (2012) 131:325-340 335 biopsy (i.e. fibroblasts, pericytes, and inflammatory cells) can contribute to the culture in varying degrees unless myoblasts were selected based on their CD56 surface marker. Moreover, satellite cells in the muscle itself are a heterogeneous population with distinct embryological origin and multiple levels of biochemical and functional diversity (Biressi and Rando 2010) . This heterogeneity might be altered during cell plating and culture in various media chosen for proliferation or differentiation. Moreover passage number and proximity to senescence, cell density, and differentiation level differently affect muscle cells at the molecular level. An additional factor is the recent development of immortalized FSHD myoblast lines in which addition of an activated CDK4 gene is expected to affect the differentiation process (Stadler et al. 2011) . In FSHD, a first level of gene deregulation might be considered to result from alterations in overall chromosome structures (DNA loops, DNA methylation changes, and chromatin marks at both the DNA and protein level) caused by large contractions of the 4q35 D4Z4 array; resulting in the involvement of additional 4q35 genes, besides FRG2, FRG1, DUX4c, and SLC25A4 (ANT1), and possibly genes on other chromosomes that localize to the same peripheral nuclear domain. A second level of gene deregulation results from the production of a complete and stable DUX4 transcript from permissive alleles containing a functional pLAM-associated polyadenylation site, either from small 4q35-D4Z4 arrays in FSHD1, or from normal sized hypomethylated D4Z4 arrays in FSHD2. The resulting DUX4 protein is a transcription factor that may regulate the expression of multiple genes, several of which encode other transcription factors, such as MyoD, which is inhibited, and PITX1 that is activated. These in turn target many other genes, some of which encode other transcription factors, for example, myogenin, a MyoD target, or TP53 which is activated by PITX1, resulting in a large deregulation cascade (Fig. 5) . Given that many sequence variants might be expected in such a large cohort of genes in the normal population, this may partially explain the clinical heterogeneity often observed in FSHD patients.
Questions still remain as to the physiological function of DUX4 which has yet to be identified. Although only *75% of individuals possessing 4qA permissive chromosomes are able to produce a DUX4-fl or DUX4-s transcript using the poly-A addition signal in exon 3, a DUX4-fl mRNA could also derive from non-permissive The DUX4 gene mapped in the D4Z4 repeated element at 4q35 is activated either by the pathogenic deletion that contracts the repeat array, or by another uncharacterized mutation that leads to chromatin opening of normal sized repeat arrays. The chromatin changes allow transcription of the DUX4 gene. On permissive alleles that carry the poly-A signal in the pLAM region this results in a stable mRNA that can be translated. The expressed DUX4 protein is a transcription factor that may directly or indirectly interact with a set of target genes. Among those, DUX4 expression results in the inhibition of the MyoD gene which encodes the transcription master switch of muscle differentiation thus causing inhibition of the MyoD target genes in FSHD. DUX4 over-expression also inhibits the expression of genes involved in response to oxidative stress, and probably inducing the lcrystallin (CRYM) gene whose promoter carries a DUX4 binding site. A direct DUX4 target gene is PITX1 at 5q31 which encodes a transcription factor that is the master switch for hindlimb development in embryogenesis. PITX1 is specifically induced in FSHD muscles as compared to 11 neuromuscular disorders; it induces E3 ubiquitin ligase which is linked to atrophy in adult skeletal muscles and is involved in inflammation. Among the PITX1 target genes is TP53 which has major roles in the control of DNA repair, cell cycling and apoptosis as well as in multiple levels of cell metabolism and muscle atrophy. Scheme based on data from Bosnakovski et al. 2008b; Dixit et al. 2007; Liu and Lobie 2007; Reed et al. 2007 ; C Vanderplanck, Unpublished data; Maddocks and Vousden 2011; Schwarzkopf et al. 2008; Dirks-Naylor and Lennon-Edwards 2011 4qA, 4qB and 10q alleles. Detection of these transcripts in germline and iPS cells strongly suggests a role for either the RNA or protein in early embryogenesis (Snider et al. 2010) . Meanwhile, it may be possible that the DUX4-s transcript, which is produced in the majority of cells possessing no 4q D4Z4 contraction, is redundant and has little or no function. Another puzzle relates to the putative role of the various DUX4-related transcripts, and other associated RNA sequences in the pathogenesis of FSHD. Are some of these RNA species involved in chromatin structure alterations at 4q35 or elsewhere? Furthermore, why is synthesis of these DUX4 transcripts apparently confined to just a few myonuclei in FSHD muscles, do these rare cells exhibit a critical difference in their ability to alter chromatin loops or process DUX4 transcripts? And how does FSHD develop, if only such a small proportion of muscle cells are likely to be affected by abnormal myogenesis and increased cell death? A 'spreading' model has been proposed in which DUX4 gene activation in just a few myonuclei leads to a diffusion of these expressed mRNAs, and their translated proteins, throughout the cytoplasm of the myofibre, with the subsequent importation of these proteins, via nuclear location signals, into multiple nuclei throughout the myofibre (A Tassin, Unpublished data).
From the evidence presented in this review, we can look forward with confidence that future FSHD research will provide answers to these many questions, and, in doing so, provide further insight into this elusive and enigmatic disease. The better understanding of the pathogenic mechanisms underlying both FSHD1 and FSHD2 will then hopefully allow us to develop the specifically targeted therapies needed by our many long-suffering FSHD patients.
